INTRODUCTION
. Consistent with this, when we blocked GABAA transmission 168 with the GABAAR antagonist, bicuculline (BIC) from 5-7 DIV (when GABAA transmission 169 is hyperpolarizing ( Fig 1C-H) ), spine density decreased by 34% (Fig 2A-C) . This suggests 170 that by this stage, excitatory transmission causes overexcitation and spine loss in the 171 absence of hyperpolarizing GABAA transmission. 172 To assess the role of immature, depolarizing GABAA transmission on dendritic 173 spine development, we inhibited GABAA transmission earlier, from 3-5 DIV ( Fig 2D) . 174 Previous work suggests that inhibiting depolarizing GABAA transmission during 175 development would decrease glutamatergic synapse formation and maturation (Ben-ari 176 et al., 1997; Hanse et al., 1997; Cancedda et al., 2007; Wang and Kriegstein, 2008) . 177 However, in contrast to these findings, BIC applied for 48 hours from 3 to 5 DIV 178 significantly increased dendritic spine density (25% increase) (Fig 2E-F) . This effect was 179 fully reproducible with the GABAAR antagonist gabazine (GBZ)(31% increase) (Fig 2E,G) , 180 which is a more specific antagonist of GABAARs (Heaulme et al., 1986) and blocks 181 inhibition more consistently in hippocampal neurons (Sokal et al., 2000) . We also verified 182 that the presence of penicillin-streptomycin in the culture medium was not associated with 183 this effect by blocking GABA transmission in the absence antibiotics, and found the same 184 increase in dendritic spines (S1A- C Fig) . 185 To assess whether the supernumerary spines induced by blocking depolarizing 186 GABAA transmission showed structural differences, we analyzed spine morphology. GBZ 187 treatment did not affect the proportions of mushroom, thin, and stubby spines ( Fig 2H) , 188 2-dimensional head area (Control: 0.32±0.02 µm 2 ; GBZ: 0.37±0.04 µm 2 , p>0.10), head 189 diameter (Control: 0.58±0.02 µm 2 ; GBZ: 0.62±0.03 µm 2 , p>0.1), spine length (Control 190 1.66±0.09 µm 2 ; GBZ: 1.83±0.08 µm 2 , p>0.1) or dendrite diameter ( Fig 2I) . 191 We next asked whether the increased number of spines constituted an increase in 192 bona fide glutamatergic synapses on CA1 cells by recording miniature EPSCs (mEPSC). 193 Consistent with the increase in dendritic spine density, mEPSC analysis showed that GBZ 194 treatment (3-5 DIV) increased mESPC frequency 3-fold ( Fig 2J,K) . Miniature EPSC 195 amplitude also increased, indicating enhanced synaptic strength (Fig 2L-M) . Together, 196 these results suggest that immature GABAA transmission restrains glutamatergic 197 synapse formation and maturation. The narrow time window we examined raised the possibility that the spine-199 enhancing effect of GABAA blockade is limited to a short period directly prior to the 200 depolarizing to hyperpolarizing shift in GABAA transmission. This would suggest that 201 GABAA transmission restrains glutamatergic synapse formation only during a very short 202 transition state. To test whether this was the case, we prepared slices 3 days earlier (P2) 203 and applied GBZ at 3DIV for 48h (S1D Fig). We found that GABAAR blockade in these 204 younger slices also caused a significant increase in spines (S1E, F Fig) , suggesting that 205 depolarizing GABAA transmission is capable of restraining synapse formation for an 206 appreciable period during postnatal development.
207
Bumetanide treatment has no effect on spine numbers. 208 Previous work suggests that abrogating GABAergic depolarization by prematurely 209 rendering GABA hyperpolarizing decreases glutamatergic synapse formation (Ge et al., 210 2006; Wang and Kriegstein, 2008) . However, our data show that a complete loss of 211 depolarizing GABAA transmission increases glutamatergic synapse formation. These 212 contrasting results raise the question of whether the depolarizing nature of GABAA 213 transmission is important for the normal development of glutamatergic synapse number 214 in our period of interest (3-5 DIV). To address this, we asked whether prematurely 215 hyperpolarizing EGABA could mimic the effect of GABAA blockade by treating slices with 216 the NKCC1 blocker bumetanide (BUME) from 3 to 5DIV (S2 Fig) . BUME is well 217 established to lower EGABA in immature neurons (Dzhala et al., 2005) and prematurely 218 render GABA hyperpolarizing (Wang and Kriegstein, 2011) . Treating slice cultures at 219 3DIV with BUME did not alter spine density on its own (S2A, B Fig) , indicating that the 220 depolarizing nature of GABA is not important for regulating spine numbers at this stage 221 of development. Furthermore, BUME did not alter the effect of GBZ on spine density, 222 indicating that the extent to which EGABA is depolarized is not important for limiting spine 223 density to normal levels at this stage.
224
Since KCC2 overexpression can cause an increase in spines through its non-225 transport, scaffolding function (Li et al., 2007; Fiumelli et al., 2012) , we also assessed 226 KCC2 expression following GBZ treatment. GBZ did not significantly elevate expression 
230
Next, we investigated if increasing GABAA transmission over the 3-5 DIV period 231 would have the opposite effect to GABA-blockade and reduce excitatory synapses.
232
Previous work has demonstrated that propofol, a positive allosteric modulator of 233 GABAARs, decreases spine density in developing layer 2/3 principal cells of the 234 somatosensory cortex when administered to rat pups over a 6h period at postnatal day 235 10, when GABAA transmission is still depolarizing (Puskarjov et al., 2017) . To test this in 236 CA1 pyramidal cells, we increased depolarizing GABAA transmission by administering 237 muscimol (MUS) or diazepam (DZP) from 3 to 5DIV. MUS treatment did not significantly different GABA receptors and can cause GABAA receptor desensitization, making its 241 effects difficult to interpret (Heck et al., 2007; Mortensen et al., 2010; Johnston, 2014) . 242 We therefore also tested whether enhancing GABAA transmission with DZP could 243 decrease glutamatergic synapses, but this also had no effect on spine density or mEPSCs GABAA transmission is inhibitory during the 3-5 DIV timeframe. Blocking this 259 depolarizing/inhibitory GABAA transmission likely increased activity in our preparation, 260 suggesting that the increase in glutamatergic synapses following GABA-blockade at 3DIV 261 may be driven by activity-dependent mechanisms (Balkowiec and Katz, 2002; Pérez-262 Gómez and Tasker, 2013). To address this hypothesis, we measured levels of Bdnf and 263 Fos mRNA, two activity regulated genes associated with glutamatergic synapse formation 264 (Vicario-Abejón et al., 1998 , 2002 Tyler and Pozzo-Miller, 2003; Chapleau et al., 2009 ).
265
Both transcripts were significantly upregulated following 48-hour blockade of 266 depolarizing/inhibitory GABAA transmission (Bdnf: 5-fold increase, Fos: 2.5-fold increase) 267 ( Fig 3C) . GABAA blockade at 3DIV also increased Fos protein expression after 24 and 48 268 hours ( Fig 3D-E ). Together these data indicate that blocking immature depolarizing 269 GABAA transmission at this point caused an increase in activity in CA1 pyramidal cells.
270
To test whether the increased synapse formation we observed following GABA blockade 271 at 3DIV was activity-dependent, we treated slice cultures with GBZ and/or TTX, and found 272 that while TTX alone had no effect on spine density, TTX blocked the GBZ-induced 273 increase in spines ( Fig 3F) . From this we conclude that depolarizing/inhibitory GABAA 274 limits activity-dependent glutamatergic synapse formation at this point in the development 275 of hippocampal circuitry in slice culture.
276
BDNF is known to regulate activity-dependent synapse formation and plasticity 277 (Park and Poo, 2013), and we therefore asked whether BDNF signaling was responsible 278 for the increase in spines following blockade of depolarizing/inhibitory GABAA 279 transmission. We inhibited BDNF signalling during the 3 to 5DIV GBZ treatment using 280 TrkB-Fc bodies or K252a (Ji et al., 2010; Puskarjov et al., 2014) , however neither 281 approach blocked the increase in spine density (Fig 3G,H) , suggesting that BDNF 282 signalling is not necessary for the observed increase in spines.
283
Blocking depolarizing GABAA transmission leads to a sustained increase in 284 glutamatergic synapses. 285 The observed increase in spine density induced by blocking depolarizing/inhibitory 286 GABAA transmission may only lead to a transient alteration without a longer lasting effect 287 on glutamatergic synapses. To determine whether blockade of GABAA transmission 288 caused a temporary or sustained increase in glutamatergic synapses, we treated slices 289 10 with GBZ from 3-5 DIV and allowed them to recover for an additional 5-9 days in the 290 absence of GBZ ( Fig 4A) . This temporary GABAA blockade resulted in a 37% increase in 291 spine density after a 5-day recovery period ( Fig 4B,C) . Furthermore, after this recovery 292 period, CA1 cells had more thin spines than mushroom spines, a difference not present 293 in the control condition ( Fig 4D) . No changes in dendrite diameter were observed ( Fig   294   4E ). To determine if transient GBZ treatment led to long-term functional changes in 295 glutamatergic synapses, we recorded mEPSC frequency and amplitude after 8-9 days of 296 recovery. We found that mEPSC frequency was enhanced by 79%, while mEPSC , 2013; Kirmse et al., 2018) . We therefore sought to address the role 308 of GABAA transmission in glutamatergic synapse formation by performing precisely timed 309 pharmacological manipulations in hippocampal slice cultures. We first mapped the 310 depolarizing-to-hyperpolarizing shift of GABAA transmission in CA1 cells. This was 311 followed by structural and electrophysiological analysis which showed that blocking 312 immature, depolarizing/inhibitory GABAA transmission enhanced glutamatergic synapse 313 function and number. Interestingly, the enhanced synapse number was stable following 314 a recovery period. These results suggest that immature GABAA transmission restrains 315 glutamatergic synapse formation during an early phase of hippocampal circuit 316 development. Using slice cultures allowed for more temporally precise manipulations that 317 revealed this effect, though limitations of this model system must be considered when 318 interpreting our results. In particular, exuberant glutamatergic synapse formation has 319 11 been observed in slice cultures, and has been attributed to increases in distal dendritic 320 branching (De Simoni et al., 2003) . However, we minimized this confound by focusing on 321 primary apical dendrites, which are fully formed by the time of pharmacological treatment.
322
Thus, while further work will be required to extend our findings to other systems, the 323 results of this study show that immature, depolarizing GABAA transmission is capable of 324 restraining glutamatergic synapse formation in certain contexts, and that the removal of 325 this restraint by interfering with GABAA transmission during development may cause a 326 long-term increase in glutamatergic synapses. , 1989; Drakew et al., 1996; Zeng et al., 2007) . Interestingly, the absence of a similar 365 spine loss following blockade of depolarizing/inhibitory GABAA transmission at 3DIV 366 suggests that, while this still immature GABAergic inhibition is important for regulating 367 activity levels, the glutamatergic system is not yet mature enough to cause a pathological 368 collapse of synapse numbers similar to that seen in models of epilepsy (29, 30) . , 2006; Cancedda et al., 2007; Wang and Kriegstein, 2008, 2011) , it is noteworthy that 
394
When considering these two models, it is important to note that an inhibitory effect 395 of depolarizing GABAA transmission does not preclude a role for GABA in driving ENOs, 396 as it has been demonstrated that depolarizing chloride currents are only involved in the 397 initial generation of GDPs in acute slices, after which they inhibit the continuation of the were centrifuged at high speed for 10 min and stored at -80°C in sample buffer.
492
Supernatants were warmed to room temperature and run under standard SDS-PAGE 493 conditions. Membranes were immunoblotted with anti-KCC2 1:1000 (N1/12, NeuroMab, 494 CA) and GAPDH 1:300,000 (MAB374, Millipore). KCC2 blots were run immediately after Gramicidin perforated patch whole cell recordings were performed similar to previously 499 described (Acton et al., 2012) . Briefly, current-voltage (IV) curves were generated by step 500 depolarizing the membrane potential in 10mV increments from ~-95 to -35mV ( Fig 1C) 501 and during each increment GABAergic transmission was elicited via extracellular 502 stimulation in the stratum radiatum. Pipettes had a resistance of 7-12 MΩ and were filled 503 with an internal solution containing 150mM KCl, 10mM HEPES, and 50mM μg/ml 504 gramicidin (pH 7.4, 300 mOsm). We recorded EGABA in current clamp mode.
505
Glutamatergic transmission was inhibited with CNQX. um -1 , n=47; BUME 0.21±0.02 um -1 , n=88; BUME+GBZ 0.40±0.02 um -1 , n=53; N=3; Twoway ANOVA indicated no significant interaction between GBZ and BUME treatment (p=0.633). Tukey HSD post test indicates significant differences between Ctrl and GBZ in the absence of BUME (p<0.001) and in the presence of BUME (p<0.001)). C-E,
Western blot (C) showing no changes in monomeric (D) or oligomeric (E) KCC2 expression following GBZ from 3-4DIV (p=0.52 and 0.77, respectively, One Sample t-Test, n=3) and 3-5 DIV (p=0.76 and 0.87, respectively, One Sample t-Test, n=3). Scale bar 3µm. The scale in A aligns with that of Fig 1 E, F and G such that the threshold, RMP and EGABA values are represented accurately relative to each other. B, Sample traces from the same cell demonstrating that activity could be evoked electrically (Control) and that puffed GABA inhibited electrically evoked activity (GABA). The arrow above the traces denotes the timing of electrical stimulation. C, Summary plots of electrically evoked activity in the absence and presence of puffed GABA.
